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Many physiological and pathological disorders of apples are related to the Ca content of the fruit tissue. Increasing the Ca content of apples maintains fruit firmness; decreases the incidence of various disorders, such as water core, bitter pit, and internal breakdown (Bangerth et al., 1972; Faust and Shear, 1968; Marlow and Loescher, 1984; Reid and Padfield, 1975) ; and reduces decay caused by postharvest pathogens (Conway et al., 1992) . The apple flesh Ca concentration necessary to reduce pathological and physiological disorders is higher than that obtained through usual fertilizer regimes. Thus, several studies have investigated the effects of direct application of CaCl 2 solutions to apples and the resulting effects on storage quality. Foliar sprays can increase the Ca content of apple fruit slightly (Drake et al., 1979) , but these increases can vary from year to year depending on growing conditions . Experimentally, pressure infiltration of apples with CaCl 2 solutions increases the Ca concentration of fruit more effectively than spraying, dipping, or vacuum infiltration (Conway and Sams, 1983; Sams and Conway, 1984) . However, inadequate Ca uptake is a problem for some lots of fruit, and excessive Ca uptake, resulting in fruit injury, is a problem for others.
The cuticle serves as the prime barrier to penetration of different solutes (Bukovac et al., 1981) , and numerous studies have focused on cuticle structure, composition and penetration by components (Bukovac and Petracek, 1993; Knoche et al., 1994) . Epicuticular waxes are known to reduce cuticular penetration by a wide range of solutes (Schonherr and Riederer, 1989) . However, growing evidence suggests that cracks might provide a pathway for Ca penetration into apple fruit Ferguson, 1988, 1991; Roy et al., 1994a Roy et al., , 1995 . Therefore, modifying the epicuticular wax without altering its protecting properties may allow increased and more uniform Ca uptake. Surfactants alter energy relationships at interfaces, thereby reducing surface tension (Rosen, 1978) and enhancing foliar absorption of biologically active compounds (Attwood and Florence, 1983 ).
HF Cryotrans system (Oxford Instruments, Eynsham, England) was mounted on a field emission SEM (model 4100; Hitachi Scientific Instruments, Mountain View, Calif.). Two segments of peel were removed from opposite sides of five apples for each of the three replications of each treatment and were mounted on a standard flat specimen holder as described by Roy et al. (1994b) . The holder was rapidly plunged into liquid N and transferred under vacuum to a cold stage in the prechamber of the cryosystem. To sublime surface water, the frozen specimens were etched by raising the temperature of the stage in the prechamber to -95 °C for 8 min, then sputter-coated with Pt in the prechamber, and transferred to the cryostage in the SEM for observation. The specimens were observed at a working distance of 15 mm, and an accelerating voltage of 10 kV was used to observe and record images on Polaroid type 55/N film.
Results
The pretreatments can be divided into four categories regarding the degree of alteration of epicuticular wax, flesh Ca concentration, and flesh firmness. The first category, consisting of the control, the distilled water pretreatment, and the Brij 30 pretreatment, had Ca concentrations ranging from 290 to 680 µg·g -1 dry weight (Table 2 ). Fruit firmness in this group ranged from 47 to 60 N. The second category, consisting of Tween 20, Tween 80, and Tergitol 15-S-9, had Ca concentrations of 980 to 1200 µg . g -1 and firmnesses of 64 to 73 N ( Table 2) . The third category, consisting of Triton X-100, had a Ca concentration of 1656 µg·g -1 and a firmness of 75 N ( Table 2) . Methylene chloride comprised the fourth category and was the only organic solvent used. Calcium concentration of the fruit flesh resulting from this treatment was 1790 µg·g -1 , and fruit firmness was 81 N ( Table 2 ). Low-temperature SEM provided a structural basis to explain the effect of surfactant treatment on the epicuticular wax platelets. Based on morphological criteria and corresponding with the Ca results previously presented, four categories of epicuticular wax patterns were distinguished. The first category, which includes the nontreated fruit, the water-treated fruit, and the fruit treated with Brij 30, presented a normal surface pattern. Indeed, the epicuticular wax appeared relatively smooth and exhibited numerous surface cracks that formed an interconnected network on the surface of the fruit (Fig. 1A) . Typically, the cracks appeared deep and traversed through two or three layers of platelets (Fig. 1 ). The stereopairs (Fig 1 B and C) elucidate more accurately the surface topography of the cracks. The cracks appeared to result from the separation of the wax platelets that were organized in parallel horizontal layers. The slopes of the cracks consisted of single platelets organized in parallel layers. Two other categories, which included the epicuticular waxes that had been treated with surfactants containing high hydrophilelipophile balances (HLB), were distinguished by the organizational pattern of the wax platelets. The number and depth of the cracks were similar to those found in the control, indicating that the treatment with a surfactant solution does not affect the degree of cracking, but surfactant treatment
Our study examines the effect of various nonionic surfactants on postharvest pressure infiltration of Ca into apples. The physiochemical activity of these surface active agents on the fine structure of the epicuticular wax of the apple fruit surface also is examined. Our objective is to determine if Ca infiltration into fruit can be increased by pretreatment with surfactants without damage to the fruit surface.
Materials and Methods
'Golden Delicious' apples were harvested in the preclimacteric stage from a commercial orchard in Pennsylvania and were randomized. The fruit then were dipped in the following solutions for 3 min: distilled water, Brij 30, Tween 20, Tween 80, Tergitol 15-S-9, and Triton X-100 (Table 1 ). The concentration of all surfactants was 0.2% (w/v). In addition, one lot of fruit was not treated and another was dipped twice for 15 s in CH 2 Cl 2 . The fruit were allowed to dry, then pressure-infiltrated (3 min at 103 kPa) with a 2% solution (w/v) of CaCl 2 , and stored at 0 °C.
After 4 months, the fruit were removed from storage and placed at 20 °C for 1 week. Fruit were analyzed for Ca content and flesh firmness and were rated for injury. Samples from the apple surfaces were taken for low-temperature scanning elctron microscope observations; care was taken to avoid any mechanical damage to the fruit surface that may have occurred during harvest, transport, and preparation.
Calcium was analyzed after the peel and outer flesh were removed (to a depth of 2 mm) with a mechanical peeler. The next 2 mm of flesh was similarly removed, immediately freeze-dried, and ground. One gram of this dried tissue was dry-ashed, dissolved in 8 ml of 2 N hydrochloric acid, and filtered. The samples were analyzed for Ca content by inductively coupled plasma emission spectrometry. Calcium content was reported on a dry-mass basis. Each sample consisted of flesh from five apples, and each treatment consisted of four samples in each of three replications.
Firmness was measured at two opposite sites on the equator of each fruit (skin removed) using an electronic pressure tester (EPT-1; Lake City Technical Products, Kelowna, B.C., Canada) interfaced to a personal computer. Twenty fruit were measured for each of the three replications of each treatment.
Fruit were visually rated for surface injury on a scale from 1 (severe) to 5 (no injury). The percentage of the 20 fruit per replication of each treatment showing any indication of injury also was recorded.
For low-temperature SEM observations, an Oxford CT 1500 altered the parallel organization of the wax platelets by loosening them. The second surfactant category, which included pretreatment with Tween 20 (Fig. 2A) , Tween 80 (Fig.  2B ), or Tergitol 15-S-9 (Fig. 2C) , was characterized by slight disorganization of the wax platelets. The epicuticular wax of the fruit treated with Tween 20 had relatively unaltered cracks ( Fig. 2A) . However, a closer examination revealed numerous loose, nonparallel wax platelets on the slopes of the cracks. This same pattern of loose, unattached platelets also was found in epicuticular wax of fruit treated with Tergitol 15-S-9 (Fig. 2C) or Tween 80 (Fig. 2B) but to a greater extent. This disorganization also was observed at the bottom of cracks in the epicuticular wax of fruit treated with Tween 80 (Fig. 2B) . The third category, which included epicuticular waxes of fruit treated with Triton X-100, showed extensive disorganization of the wax platelets on the slopes of the cracks (Fig. 3A) . Figure 3B illustrates that the platelets of the epicuticular waxes were disorganized only in the cracks, even with Triton X-100, the most effective pretreatment. Finally, the fourth category, which represented the epicuticular wax of fruit treated with a solvent, CH 2 Cl 2 , showed a completely different pattern on the surface. The wax platelets were no longer distinguishable (Fig. 4A) . Apparently, the epicuticular wax had been removed or dissolved and redeposited by the treatment (Fig.  4B ). Surface injury of the fruit increased as flesh Ca concentration increased (Table 2 ). Fruit treated with the surfactants in the first category had little or no injury, with the injury increasing as the effectiveness of the pretreatments in allowing greater amounts of the CaCl 2 solution to be infiltrated increased. With the exception of the methylene chloride treatment, the injury covered just part of the fruit's surface, and while the injured fruit would have been unacceptable for the fresh market, they could have been used for processing. The injury on the fruit treated with methylene chloride covered the entire surface of the fruit and extended into the cortex, resulting in fruit that would be unacceptable for any purpose.
Discussion
Postharvest treatment of apples with CaCl 2 solutions and the resulting increase in fruit Ca concentration beneficially affect fruit during storage. The surface properties of fruit, particularly those of the cuticle, affect absorption and distribution of postharvest applied chemicals. During postharvest infiltration of apples with CaCl 2 solutions, Ca enters the fruit through lenticels (Betts and Bramlage, 1977; Harker and Ferguson, 1988) and through the calyx end. However, cracks in the cuticle are also important pathways Harker and Ferguson, 1988) . Cracks in epicuticular wax are especially prevalent in 'Golden Delicious' apples early in the growing season. These cracks increase in width and number as the apple enlarges and matures (Meyer, 1944) . By the end of the growing season, large cracks form an interconnected network on the surface of apples (Faust and Shear, 1972 ). Lenticel permeability also increases during fruit development (Harker and Ferguson, 1988) . Permeability to CaCl 2 increases during apple development as do the number of cracks in the epicuticular wax . Epicuticular cracking of apple fruit increases during the growing season, and the width and depth of the cracks continues to increase during cold storage (Roy et al., 1996) . More
CaCl 2 solution enters apples infiltrated after 6 months in storage than at harvest (C.E.S. and W.S.C., unpublished data). Alteration or modification of the structure of epicuticular wax may partially explain differences in the amount of CaCl 2 absorbed by fruit during postharvest treatment. Apples pressure-infiltrated with CaCl 2 solutions following prestorage heat treatment at 38 °C for 4 d absorbed less solution than fruit infiltrated before heat treatment (Sams et al., 1993) . Heat changed the pattern of epicuticular wax on apples (Roy et al., 1994a) . Pretreatment of fruit with a selected group of surfactants was performed to investigate whether chemical structural differences among nonionic surfactants affected epicuticular wax and subsequent Ca uptake during infiltration. These surfactants were used as surface active agents in an attempt to alter adsorption characteristics of the epicuticular wax layer on the fruit surface. Residual surfactants after pretreatment would be present to subsequently alter adsorption efficiency of the Ca solution during infiltration. The surfactants were selected to cover the hydrophile-lipophile balance (HLB) range from 9.7 to 16.7, which would be from intermediate polarity to polar on the scale of 0 to 20 usually described (Myers, 1988) . This polarity range of 10 to 17 was designated best for solubilization of components at a liquid-solid interface. Structurally different hydrophobic moieties of the surfactants also were selected to investigate the possibility of alteration of surface activity by chemically different agents.
Using category 1 surfactant with HLB 9.7 (Brij 30) had no effect on Ca uptake. Pretreatment with surfactants from categories 2 and 3 with HLB ranging from 13.3 to 16.7 enhanced Ca uptake. Pretreatment with the category 2 surfactants (Tween 20, Tween 80, and Tergitol 15-S-9) resulted in similar increases of Ca uptake. These compounds had long alkyl chains as the hydrophobic portions of the surfactants in common. The surfactant in category 3 (Triton X-100) with HLB 13.5, having an alkylbenzene moiety as the hydrophobic moiety, was even more effective in increasing Ca uptake. The two surfactants with chain branching in the hydrophobic moiety (Tergitol 15-S-9 and Triton X-100) caused the greatest amount of Ca uptake among the nonionic surfactants in accord with findings that nonlinear hydrophobic substituents are better wetting agents with greater absorbing efficiency (Gray, 1965) .
Using CH 2 Cl 2 as a pretreatment solvent to remove lipid-soluble portions of the epicuticular wax layer on the apple surface resulted in the greatest uptake of Ca during infiltration. This harsh treatment, which resulted in unusable fruit, at least indicated that partial removal of the hydrophobic epicuticular wax components should increase Ca infiltration into the fruit. Using surfactants as surface active agents would be a similar but less drastic treatment to solubilize these components and enhance Ca uptake by alterations of the epicuticular wax structure.
Treatments with some surfactants result in different degrees of disruption and reorganization of the wax platelets in the cracks. Apparently, these surfactants detach or loosen the wax platelets and reorient them. Several possibilities may explain why pretreatment with a surfactant results in increased uptake of an infiltrated Ca solution. The wettability of the surface may have been modified in several ways. Wetting is affected by surface morphology, gross and micro (Bukovac et al, 1981) . The surfactant treatment altered the surface morphology by changing the horizontal and parallel organization of the wax platelets into a more random distribution. This will not only increase the contact area between the droplets of solution and the surface but also will trap the solution and create channels toward the bottom of the cracks. Therefore, the altered surface fine structure becomes a critical factor that determines CaCl 2 solution availability for penetration into the underlying tissue. The wettability of the surface can be modified by the structure of the surfactant used, particularly the hydrophobic moiety, which could result in either a selective solubilization of the components of the epicuticular wax or in a more polar chemical environment that influences the sorption (Shafer and Bukovac, 1987) . Another possibility is that solubilization of certain chemical components of the epicuticular wax would have occurred due to the surfactant pretreatment. Harker and Ferguson, 1991 , reported that Tween 20 increased Ca transport by altering permeability of intact cuticles not containing cracks or functional lenticels. The treatment may have altered the epicuticular wax barrier by decreasing its thickness. For example, the pretreatment with CH 2 Cl 2 appears to have removed a major portion of the epicuticular wax, disrupted the wax structure, and resulted in the greatest uptake of Ca. As lesser disruptions occurred, less Ca was absorbed but less injury occurred. The ultimate goal of our research was to find the optimum surfactant pretreatment that alters the epicuticular wax sufficiently to increase Ca uptake but not severely enough to injure the fruit as the methylene chloride did. One of the major problems limiting the commercial adaptation of postharvest infiltration of apples to maintain fruit quality in storage is the fruit surface injury caused by CaCl 2 solutions (Conway et al., 1994) . Apple flesh Ca concentration must be ≈1200 µg·g -1 dry weight to beneficially affect fruit softening and decay (Conway and Sams, 1985; Sams and Conway, 1984) . Increasing flesh Ca above this point increases fruit surface injury. Pretreatment with Triton X-100 before a 2% CaCl 2 infiltration results in a flesh concentration of ≈1700 µg·g -1 . Thus, a 1200 µg·g -1 concentration may be reached with a lower CaCl 2 solution concentration combined with a surfactant pretreatment as effective as Triton X-100. Fruit injury may be significantly reduced or totally prevented. Surfactant pretreatment also may allow greater absorption of Ca by fruit merely dipped in solutions of CaCl 2 and negate the necessity for the more complex infiltration treatments.
